Abstract -An ultrastable low-noise current amplifier (ULCA) is presented. The ULCA is a non-cryogenic instrument based on specially designed operational amplifiers and resistor networks. It acts as a current-to-current amplifier or a currentto-voltage converter. Its transfer coefficient is extremely stable versus time, temperature and current amplitude within the full dynamic range of ±13 nA. The concept aims at achieving an uncertainty of one part in 10 7 at direct currents of 100 pA. A cryogenic current comparator is used to calibrate both current gain and transresistance, providing traceability to the quantum Hall resistance. A low noise level of 2.4 fA/√Hz helps to keep averaging times low at small input currents.
I. INTRODUCTION
The use of single-electron transport devices is a unique and elegant approach for the realization of the future quantumbased SI unit ampere [1] . Recent advances in this field enable the generation of 100 pA direct currents with uncertainties of one part per million (ppm) or better [2] . However, the traceable precision measurement of sub-nA direct currents with room temperature equipment is currently limited to uncertainties of about 10 ppm [3] ; an exceptionally low value of 1 ppm was demonstrated with a very sophisticated setup [2] . Up to now, much lower uncertainties can only be achieved with a cryogenic current comparator (CCC) [4] .
Basically, a CCC compares two currents with extremely high precision. To suppress drift effects, the currents have to be periodically reversed (or switched on and off if reversal is not possible). A reversal rate below 0.1 Hz is typically chosen. The CCC involves a superconducting quantum interference device (SQUID) serving as a null detector. The SQUID has a strongly nonlinear, periodic voltage-versus-flux (V-Φ) characteristic, with the period being the flux quantum Φ 0 . In a typical resistance comparison (quantum Hall resistance versus 100 Ω standard resistor) the two currents through the CCC windings produce opposite fluxes of about 10 4 Φ 0 in the SQUID. At this high flux level, uncertainties of around one part per billion are routinely achieved, corresponding to an equivalent "zero-flux" uncertainty of the order of 10 -5 Φ 0 . Applying a CCC to the measurement of 100 pA direct currents lowers the flux linkage drastically; now, equivalent zero-flux uncertainties of a few 10 -8 Φ 0 are required to achieve 0.1 ppm overall uncertainty, even when using a CCC with ten thousands of turns. Due to the nonlinear V-Φ characteristic, dc flux shifts can occur by mixing down of rf interference, e.g., from the equipment used to drive the single-electron current source under test. In this case, systematic errors may occur which cannot be evaluated in practice due to the long averaging times required to achieve a sufficiently low Type-A uncertainty. For example, let us assume a SQUID having a sinusoidal V-Φ characteristic with a working point near the steepest point (just 0.01 Φ 0 away from the inflection point) and an rf flux of 0.01 Φ 0 amplitude being applied. In this example, a systematic zero-flux error of 2×10 -7 Φ 0 occurs if the rf amplitude differs by 1% at both polarities of the input current [5] .
To avoid this potential systematic error in the CCC, we have developed an ultrastable low-noise current amplifier (ULCA), i.e., a room-temperature instrument with op amps and resistor networks. The ULCA is extremely stable and robust. It is well suited for the measurement of sub-nA currents, and is calibrated with a CCC at high currents of about ±10 nA where nonlinear effects in the SQUID are sufficiently low.
II. AMPLIFIER CONCEPT
The ULCA concept is shown in Fig. 1 . Each ULCA channel consists of two amplifier stages, the first providing a 1000- fold current gain and the second performing a current-to-voltage conversion. The operational amplifiers (OAs) in Fig. 1 are sophisticated circuits comprising several monolithic op amps. This results in a very low input noise and a very high overall open-loop gain well above 10 9 . The ±40 V output stage of the first amplifier OA1 is realized using discrete transistors; the required ±44 V supply is generated from the ±5.2 V main supply voltage via a home-made, low-power charge pump. The ±5.2 V are derived from a 12 V lead battery. The total supply current drawn from the battery is as low as 11 mA. Special care was taken to keep the power on the ULCA printed-circuit board constant, i.e., independent of the output signal, to avoid nonlinearities from thermal interaction between output and input stages. Both channels in a dualchannel ULCA are completely independent from each other, including separate batteries and temperature sensors.
A key component in the ULCA concept is the 3 GΩ / 3 MΩ resistor network at the output of OA1. For highest precision, it is realized with NiCr thin-film technology. We are currently investigating two variants: (1) discrete realization with a series/parallel connection of about 3000 individual 2 MΩ chip resistors in 0805 size, and (2) series connection of about 300 integrated 10 MΩ-10 kΩ matched pairs in SO8 package.
III. RESULTS
We first investigated an ULCA prototype with a 0805 resistor network. A noise level of 2.4 fA/√Hz with a 1/f corner frequency below 1 mHz was measured. The noise is dominated by Nyquist noise in the 3 GΩ resistor, with a small contribution of 0.5 fA/√Hz from the input op amp. The transresistance A TR was calibrated using a CCC. As shown in Fig. 2 , A TR was very stable over a period of 10 hours, with an Allan deviation below 0.1 ppm for measurement times τ above 1000 s. The temperature coefficient of A TR was -0.26 ppm/K. Fig. 2 . Allan deviation σ A of the relative deviation ΔA TR of the transresistance. The 3 GΩ -0805 single-channel ULCA was placed in a stabilized air bath at 22.7 °C. It was calibrated at ±13 nA (polarity reversal every 11.5 s) over 10 hours using a CCC with a total of 4647 turns. The solid line shows the theoretical dependence for a flux noise of 13 μΦ 0 /√Hz in the SQUID, corresponding to 34 fA/√Hz in the 4151 turns CCC winding. The inset shows ΔA TR versus time. Here, to suppress noise, adjacent averaging over 1 hour was applied. Fig. 3 . Allan deviation σ G12 of the difference ΔG 1 -ΔG 2 between the relative current-gain deviations of two resistor networks (3 GΩ / 3 MΩ -0805 versus 3.4 GΩ / 3.4 MΩ -SO8). The measurement was done in an rf shielded room at ±3 nA (polarity reversal every 125 s). The inset depicts ΔG 1 -ΔG 2 with adjacent averaging over 1 hour and temperature (dotted line) versus time. No temperature stabilization was applied, leading to 2.5 °C peak-peak fluctuations. The integrated temperature sensor was used to compensate the total temperature coefficient of the chosen resistor combination (about -0.15 ppm/K).
We also compared the two variants of resistor networks against each other in a bridge circuit (see Fig. 3 ). In this setup, a CCC was not required, allowing a continuous measurement over a long period. Peak fluctuations of about ±4 parts in 10 7 were observed over 2 weeks. The resulting Allan deviation remains below 1.2 parts in 10 7 over the complete range of τ.
